Potential beneficial effects of outer and inner ostrich eggshell membranes alone and in combination with the shell powder on bone regeneration in cranial defects of 18 rabbits were investigated using radiological, clinical and histological methods. Three 6 mm wide, half-thickness defects were made in the calvarial bones of each rabbit. One defect remained empty as a control; prepared eggshell membranes were extended across the other two defects; and prepared eggshell powder was inserted inside the membrane in one case. Either alone or in combination with eggshell powder, the outer and inner ostrich eggshell membranes produced little adjunctive effect under the conditions and duration of this experiment.
Introduction
The guided tissue regeneration technique, first described by Nyman et al., 1 uses a barrier membrane to facilitate the repopulation of periodontal wounds by desirable cells from surrounding tissue sources. Buser et al. 2 started to evaluate the potential of this technique, often called guided bone regeneration (GBR), to promote bone augmentation by application of a barrier membrane. GBR has been widely used to encourage the formation of new bone in osseous defects by restricting the infiltration of soft tissues. 3 -6 Non-bioabsorbable membranes, such as expanded-polytetrafluoroethylene (e-PTFE) and titanium membranes, have been used clinically as barrier membranes in GBR for a long time, but this requires a second surgical stage. 7 To avoid this problem, resorbable polymer membranes have been introduced. Animal collagen, oxidized cellulose, cartilage tissue, hydrolysed polyester, calcium phosphate, polylactic acid, licril mesh and hyaluronic acid have been used as resorbable biological membranes for GBR. 8, 9 Bioresorbable barrier membranes may also cause problems, depending on their origins. The use of collagenous membranes can result in immunological and inflammatory reactions, depending on their protein constituents. 10 Further, the risk of bovine spongiform encephalopathy (BSE) transmission has led to increasing reluctance to use biological membranes of predominantly bovine origin. Membranes from other species have been introduced as a possible solution. There are no reports of BSE transmission to avian species, so the feasibility of using eggshell membranes as bioresorbable membrane candidates has been investigated. 7 In cranial bone defects, space-filling materials have also been evaluated intensively to enhance bone formation in combination with GBR. 11 For this purpose, allogenic and alloplastic materials, and autogenic bone grafts have been used for a long time. Synthetic bone substitutes have also been introduced into clinical use, but they are rather expensive. Avian eggshell powder has been suggested as a possible solution. 12 The aim of the present study was to investigate the potential beneficial effects of outer and inner ostrich eggshell membranes, alone and in combination with the eggshell powder, on bone regeneration in cranial defects of rabbits, using radiological, clinical and histological methods.
Materials and methods

PREPARATION OF THE OSTRICH EGGSHELL MEMBRANES
Fresh ostrich (Struthio camelus) eggs were rinsed in sterile distilled water, the eggshell was broken, and the albumen and yolk were eliminated, and both the outer shell membrane (OSM) and the inner shell membrane (ISM) were carefully peeled manually and put into separate petri dishes containing sterile 0.1 M phosphate buffered saline (PBS). The membranes were cut into 5 × 5 cm pieces, which were left untreated, were fixed in 2.5% glutaraldehyde for 48 h, or were digested in 50 ml of 0.05% trypsin in 0.5 N acetic acid at 37°C for 24 h with magnetic agitation. 7 After treatment the membranes were rinsed three times, with continuous agitation for 1 h each, in sterile distilled water at room temperature (20°C), and were sterilized using ethylene oxide.
PREPARATION OF THE OSTRICH EGGSHELL POWDER AS A FILLING MATERIAL
Eggshell was ground into pieces using a prototype electrical mill, and sieved through a mesh with 375 µm pores. The bottom fraction of the particles (321.5 -372.5 µm diameter) was washed three times with distilled water, dried, and sterilized using ethylene oxide.
EXPERIMENTAL ANIMALS AND SURGICAL TECHNIQUE
This study was approved by the Scientific and Ethics Committee of the Experimental Animals Research and Application Centre of Meram Medical Faculty, Selçuk University, Turkey. Adult New Zealand rabbits were used in the study.
All of the animals were anaesthetized with an intramuscular injection (0.59 ml/kg) of a combination of ketamine hydrochloride (Ketanes ® , Alke, Turkey) and xylazine (Rompun ® , Bayer, Leverkusen, Germany), and the surgery was done under sterile conditions. A mid-line skin incision was made on the skull, and the periosteum with temporalis muscle was reflected laterally using a periosteal elevator. Three 6 mm wide, half-thickness defects, in the inner cortical half of the calvarial bone, were made using a trephine, with continuous irrigation of the frontal region. One defect was made on the left, and the other two on the right side of the bone. The 6 mm defect size was chosen because it does not heal spontaneously during the life-span of the animal without leaving a hollow. 13 The defect on the left remained empty as a control, and the two on the right were used as experimental sites, as shown in Table 1 .
The defect sites in the treatment groups were grafted with either eggshell membrane alone, or in combination with particles of eggshell powder. In the combination groups, the defect was first filled with particles of the eggshell powder and then the eggshell membrane applied. The prepared eggshell membranes were extended about 2 mm beyond the margins, and the margins were secured to the deep surface of the temporalis muscle with a resorbable suture. The wound was sprayed with an antibiotic powder (Kristapen, Deva, Turkey) and the incision was closed in two layers with interrupted sutures. After the operation all animals received intramuscular injections (0.5 ml/kg) of Penicillin G Procaine (Procilin ® , 400 000 IU/ml, Fako Inc., Istanbul, Turkey).
All of the rabbits were killed with an intraperitoneal overdose (100 mg/kg) of pentobarbital (Nembutal ® , 100 mg/ml, Abbott Laboratories, Chicago, IL, USA) at 90 days, and their skulls were dissected out and examined histologically after radiological investigations.
RADIOLOGICAL INVESTIGATIONS
The skull, including the defect regions, was submitted to contact radiography in a dorsoventral plane with an X-ray dental unit set at an exposure of 50 kV, 7 mA for 0.5 s.
HISTOLOGICAL INVESTIGATIONS
Specimens were fixed in 10% formaldehyde, decalcified in nitric acid, and embedded in paraffin. Serial cross sections (6 -7 µm) were taken through the defect region and stained with Masson's trichrome. Bone healing was classified and the results analysed according to Dupoirieux et al. 11 
Results
CLINICAL RESULTS
All 18 animals healed without complication and gained weight. On gross examination in all of the groups, the membranes and eggshell powders were easily detected under the skin without any major displacement, although the particles of eggshell powder were smaller than they were initially. 
RADIOLOGICAL RESULTS
On radiological examination, minimal bone regeneration was observed at the empty defect (ED) site, and the membrane groups displayed partial bone regeneration. In the groups with grafted membrane alone or in combination with eggshell powder, however, bone regeneration processing was relatively advanced (Fig. 1 ).
HISTOLOGICAL RESULTS
The histological results are summarized in Table 2 . In all cases the defect sites were overlaid continuously by slightly depressed periosteum.
In the control group, the defect area was a shallow cavity filled with loose connective tissue rich in adipose cells (Fig. 2 ). Bone regeneration processing was restricted to the defect margins. Both membranes (OSM and ISM) were observed as rough networks of undulating fibrils. The 2.5% glutaraldehyde-treated eggshell membrane showed minimal signs of resorption and elicited minimal inflammatory reaction. Defects covered by untreated membrane or by trypsin-digested membrane displayed mild degradation and resorption (Fig. 3 ). Inflammatory responses in these groups were also more intense when compared with the 2.5% glutaraldehydetreated OSM and ISM groups ( Table 2 ). Giant cells were rarely observed in the trypsindigested OSM groups (alone and in combination with eggshell powder).
The eggshell powder groups had a linear periosteal contour without any depression. The membranes of these groups were of similar histological appearance to the membranes of groups without eggshell powder. Larger eggshell granules were partially resorbed, whereas smaller ones were completely degraded ( Fig. 4) . Bone regeneration was largely confined to the margins of the defect sites, although newly formed bone tissue was seen as narrow ossification areas and an osseous rim around some of the particles (Fig. 4 ). There was no difference (P > 0.05) in bone regeneration between the groups grafted with membrane alone or with eggshell powder ( Table 2 ).
Discussion
New developments in material and tissue engineering have introduced the use of new products for GBR, 14 but they are relatively expensive. Researchers have therefore focused their efforts on developing new biocompatible materials from animal products. Chicken eggshell membrane and eggshell powder meet most of the FIGURE 1: Post-operative radiograph of the skull of a rabbit 90 days after treatment. The defects on the right side were treated with outer shell membrane and outer shell membrane plus shell powder, respectively. ED, empty defect; OSM, outer shell membrane; SP, shell powder Ostrich eggshell and eggshell membranes in bone regeneration physical requisites expected for GBR, and as a space filler, respectively. The results of in vivo experiments were disappointing, however, 7,11 but ostrich eggshell was found to be more satisfactory. 12 The physical characteristics of the membranes, in particular stiffness, play a key role in successful bone regeneration. Poor mechanical properties, short degradation time, and the lack of integrated biological components result in an inability to create and maintain an appropriate environment and to actively support tissue remodelling. 7, 11 Ostrich shell membranes degrade more slowly than collagen membranes. 9 In the present study, only limited resorption of the ostrich eggshell membranes was observed after 3 months. The present results indicate that treatment with 2.5% glutaraldehyde, which is a cross-linking agent, improved the stiffness and decreased the biodegradation of the Results of histological evaluations of the defect sites using the method of Dupoirieux et al. 11 The results were the same for all three animals in each treatment group Ostrich eggshell and eggshell membranes in bone regeneration membranes. This resulted in a weaker inflammatory response. However, trypsin digestion appeared to increase resorption and mononuclear cell infiltration. This might result from increased liberation of proteins as a result of the enzymatic process. Previous studies have treated chicken eggshell powder with 6% NaClO, and ostrich eggshell with 10% sodium hypochlorite, and have hydrolysed the membranes with 0.05% pepsin in 0.5 mol/l acetic acid. 11, 12 Since the biologically active molecules in the membranes might be damaged during graft preparation, the graft materials were either untreated or were exposed to different treatments in the present study, in order to determine the effects of the treatments. Most studies have focused on the biocompatibility and degradation rates of different membranes. 11 Although detailed information is lacking for ostrich shell membranes, chicken OSM is composed of type IV and X collagens, with calcification occurring around nucleation centres containing mucopolysaccharides and keratin sulphate. 15 Ostrich OSM differs from chicken OSM: in the ostrich, the cup-shaped structures on the outer surface of the OSM are similar to or the same as the underlying OSM in composition, but are more calcified compared with the fibres of the membrane. These structures may be destroyed during the preparation of membranes for grafting, while type X collagen remains intact. It has been suggested that OSM type X collagen acts as an inhibitory barrier in order to establish the boundaries of calcification during eggshell formation. 16 The present study did not embrace the possible limiting effects of type X collagen on calcification in Further studies should be done to develop a suitable preparation method for preserving cup-shaped structures and degrading the type X collagen fibres. These improvements might enhance the potential value of ostrich eggshell membranes in GBR. Barboza 17 suggested that a bone membrane in combination with a space maintainer can guide new bone formation to regenerate localized chronic alveolar ridge defects. Similarly, a relatively better bone regeneration was observed in the eggshell powder implanted groups in this study when compared with both the empty controls and the membrane-alone groups. 7, 18 Nevertheless, the regeneration was confined to the defect margins and the surfaces of the particles localized in deeper regions of the defects. This might be due to the insufficient stabilization of the particles in the defect. Schliephake et al. 19 have suggested that the major limiting effect for bone regeneration is inability of the bone material to withstand the overlying soft-tissue pressure. Eggshell powder alone was not investigated in the present study, but Schliephake et al. 19 concluded that the placement of autogenous bone particles, either with or without membrane coverage, had little effect on the regeneration of peri-implant bone defects.
Under the limitations of this study, we conclude that ostrich OSM and ISM meet most of the physical properties required for GBR. The membranes caused low levels of foreign-body reactions, and 2.5% glutaraldehyde, a cross-linking agent, increased their stiffness, and lowered degradation and inflammatory reactions, whereas enzymatic treatment had opposite effects. Nevertheless, their GBR activity, when used alone or in combination with eggshell powder, is far from being satisfactory. It must be stressed that further studies are essential to augment their GBR activity alone or in combination with other materials. 
